Adrenocortical carcinoma (ACC) is a rare endocrine tumor entity with poor prognosis. Medical treatment is limited to common cytotoxic agents, which are associated with low treatment responses. Thus, lack of therapeutic efficacy demands innovative treatment options for patients with advanced ACC. Recently, we have developed and characterized anti-IGF1 receptor (IGF1-R) immunoliposomes (SSLD-1H7) for the treatment of neuroendocrine tumors of the gastroenteropancreatic system. As previous results indicated putative applicability also for other IGF1-Roverexpressing tumor entities, we initiated testing of liposomal preparations in in vitro and in vivo models of ACC. Adrenocortical NCIh295 cells were used for in vitro association studies with different liposomal formulations. Thereby, flow cytometry revealed high cellular association and internalization of anti-IGF1-R immunoliposomes (soy phosphatidylcholine (SPC)/cholesterol (Chol)-polyethyleneglycol (PEG)-1H7, 50 . 1G2 . 2%). Moreover, internalization of pegylated liposomes (SPC/Chol-PEG, 57 . 1G2 . 4%) and an even higher uptake of plain liposomes (84 . 6 G0 . 8%; P!0 . 0001) were detectable in adrenocortical tumor cells. In vivo, liposomal treatments were investigated on NCIh295 tumor xenografts in pharmacokinetic and therapeutic experiments. A significant reduction in tumor size was detectable in NCIh295 tumor-bearing mice after a single treatment with SSLD-1H7 (0 . 89G0 . 15 cm; PZ0 . 006) and a diminished efficacy for SSLD-PEGC (1 . 01G0 . 19 cm; PZ0 . 04) in comparison with untreated controls (1 . 5G0 . 0 cm). Thus, anti-IGF1-R immunoliposomes have been successfully tested in vitro and in vivo in a preclinical model for ACCs and could, therefore, represent a promising therapeutic approach for this tumor entity. Moreover, a combination of mitotane plus liposomally encapsulated cytostatic agents instead of free drugs could also be an interesting novel treatment option for ACC in the future.
Introduction
Adrenocortical carcinoma (ACC) is a rare neoplasm characterized by a dismal prognosis with only 16-38% of patients surviving more than 5 years after diagnosis (Mansmann et al. 2004 , Abiven et al. 2006 , Allolio & Fassnacht 2006 . Owing to the absence of specific clinical symptoms, diagnosis and effective treatment can often be greatly delayed. Indeed, most patients with ACC are diagnosed at an advanced stage of disease with large primary tumors, invasion in adjacent organs, and/or metastatic dissemination. Moreover, even after radical resection, as many as 85% of patients relapse (Allolio & Fassnacht 2006) . Currently, the first prospective randomized interventional trial for ACC (FIRM-ACT, www.firm-act.org) has been finalized to compare streptozotozine plus mitotane with doxorubicin (DXR), etoposide, and cisplatin (EDP) plus mitotane in a cross-over design. However, available data of this trial and from retrospective studies demonstrate that cytotoxic drugs alone have generally produced low response rates (Mansmann et al. 2004 , Allolio & Fassnacht 2006 . In addition, the administration of chemotherapeutic drugs is often complicated by dose-limiting side effects (Theodoulou & Hudis 2004) . DXR, for instance, through its small molecular size and amphipathic properties, rapidly distributes to both healthy and diseased tissues (Drummond et al. 1999) and, thus, causes, for example, considerable cardiotoxicity and myelosuppression. Liposomal encapsulation can reduce this toxicity based on the modified biodistribution of the drug (Gabizon et al. 1982) . The relatively large size of liposomal carriers (45-200 nm) prevents them from passing through the 2 nm pores found in the endothelium of blood vessels in most healthy tissues or even the 6 nm pores found in post-capillary venules. Thereby, the efficacy of chemotherapy is enhanced by a resulting increase in drug accumulation in the more porous tumor tissue, an effect that has been described as passive targeting of liposomes (Maeda et al. 2000 , Gabizon et al. 2006 .
Further grafting of plain liposomes with polyethyleneglycol (PEG) leads to the formation of a layer on the liposomal surface that protects them from recognition by opsonins. These so-called sterically stabilized liposomes display increased blood stability and, thereby, further enhanced therapeutic efficacy (Huwyler et al. 2008) . These mechanisms can be further amplified by active targeting. For this purpose, it is necessary to modify the liposomal surface by coupling a ligand corresponding to a structure of the target tissue. The aim of active targeting is, among other things, to achieve at best a specific internalization by the tumor cells and thereby an effective intracellular access of liposomally encapsulated drugs.
Recently, we initiated the development of a novel antiinsulin-like growth factor 1 receptor (IGF1-R)-coupled liposomal therapy for the treatment of endocrine tumors (Hantel et al. 2010) . To achieve this goal, we coupled a monoclonal antibody to the surface of sterically stabilized liposomal DXR (SSLD) for targeting IGF1-R-overexpressing tumor entities and, furthermore, to specifically antagonize downstream signaling (Li et al. 1993) . As adrenocortical tumorigenesis has been reported to depend on IGF signaling (Logie et al. 1999 , Weber et al. 2000 , Fottner et al. 2004 , Barlaskar et al. 2009 ), we herein extended our studies in a preclinical model of ACC.
Materials and Methods

Liposome preparation and coupling procedure
The basic liposome composition for in vitro analysis consisted of soy phosphatidylcholine (SPC; provided from Lipoid, Ludwigshafen, Germany) and cholesterol (Chol; molar ratio 7:3). For flow cytometry analysis, either 0 . 5 mol% rhodamine-PE (Molecular Probes, Leiden, The Netherlands) or 5 mM FITCdextran 4000 (Sigma-Aldrich) was added to the liposomal formulations, which were prepared as described previously (Hantel et al. 2010) . For in vivo experiments, commercially available sterically stabilized liposomes loaded with DXR (SSLD; Caelyx; Essex Pharma GmbH, Munich, Germany) were used. The anti-IGF1-R antibody 1H7 (Acris antibodies, Herford, Germany) as a specific ligand or an unspecific IgG antibody (Sigma-Aldrich) was coupled to the liposomal surface via sterolbased post-insertion technique using a succinimide-activated sterol-PEG 1300 -anchor (sterol-PEG 1300 -NHS), which was synthesized as described previously (Gantert et al. 2008 , Hantel et al. 2010 ). An equivalent amount of untargeted sterol-PEG 1300 was added to the SSLD control group (SSLD-PEGC).
Cell culturing and cell experiments
NCIh295 cells were grown in RPMI-1640 medium as described earlier (Gazdar et al. 1990 , Lichtenauer et al. 2008 . For association experiments, cells were seeded into 24-well culture plates 24 h prior to the experiment at a density of 7 . 5!10 4 cells/well. Culture medium was renewed 1 h prior to the incubation with liposomal preparations (75 nmol of total lipid of each preparation in 0 . 5 ml medium) for 2 h at either 37 8C or 4 8C. For flow cytometry analysis, cells were washed with 1 ml PBS and harvested following trypsinization. From each sample, 10 000 cells were analyzed using a four-colour FACS Calibur (Becton-Dickinson, Heidelberg, Germany).
Caspase-3/7 assay
NCIh295 cells were seeded at a density of 4!10 4 cells/well on a 96-well white polystyrene plate (MaxiSorp, Nunc Langenselbold, Germany) and cultivated overnight. After the removal of the medium, cells were treated with medium alone or with medium containing 0 . 25, 0 . 5, or 1 mg/ml 1H7 and/or 15 mg DXR/ml for 8 h. For quantification of caspase-3 and caspase-7 activities, the luminescent assay Caspase-Glo 3/7 (Promega) was used. Detection was carried out in a Victor 3 1420 multi-label counter from Perkin Elmer (Rodgau, Germany) following the manufacturer's protocol.
Cell proliferation ELISA
NCIh295 cells were seeded at a density of 4!10 4 cells/well on a 96-well plate and cultured overnight. After the removal of the medium, cells were incubated for 48 h with medium alone or medium containing either 1 mg/ml 1H7 and/or 5 ng DXR/ml. For quantification of cell proliferation, a colorimetric immunoassay (Roche) based on the measurement of 5 0 -bromo-2 0 -deoxyuridine (BrdU) incorporation during DNA synthesis was used. Detection was carried out in a SPECTRA microplate reader from Tecan (Crailsheim, Germany).
Animal experiments
Female athymic NMRI nu/nu mice (6-8 weeks) were purchased from Harlan Winkelmann (Borchen, Germany) and housed under pathogen-free conditions. All experiments were carried out following protocols approved by the Regierung von Oberbayern and in accordance with the German guidelines for animal studies. NCIh295 cells (15!10 6 ) in a volume of 200 ml PBS were inoculated for tumor development subcutaneously into the neck of each mouse. If not stated otherwise, a 10 mg/kg dose of liposomal DXR (LD, Myocet; Cephalon GmbH, Munich, Germany), SSLD (Caelyx; Essex Pharma GmbH, Munich, Germany), or antibody-coupled SSLD (SSLD-IgG or SSLD-1H7) was administered i.v. after the NCIh295 tumor had been established (nZ4-5 mice/group). For pharmacodynamic experiments, 24 h after the treatment with SSLD-PEGC and SSLD-1H7, blood samples were taken, tumors were excised, and the samples were analyzed as described before (Hantel et al. 2010) . For therapeutic experiments, mice were injected either with LD, SSLD-PEGC, SSLD-IgG, SSLD-1H7, the free antibody 1H7 alone, or in combination with SSLD-PEGC respectively. Antitumor effects were determined by measuring the longest tumor diameter by a calliper gauge. Mice were monitored daily and euthanized when the tumors reached a longest tumor diameter of 15 mm.
Statistical analysis
All results are expressed as meanGS.E.M. Statistical significance was determined using the unpaired t-test (Prizm Software, Houston, TX, USA). Statistical significance was defined as P!0 . 05 and is denoted by asterisks (*P!0 . 05; **P!0 . 01; ***P!0 . 001), if not stated otherwise.
Results
Adrenocortical cellular uptake of liposomal preparations in vitro
Similar to the results previously obtained for other human tumor entities (Hantel et al. 2010) , flow cytometry analysis at 37 8C (Fig. 1A ) demonstrated high cellular association of specific 1H7-coupled liposomes with NCIh295 cells (50 . 1 G2 . 2%, P!0 . 0001 vs controls 0 . 12G1 . 1). While the values at 37 8C represent passive and active cellular processes, the values at 4 8C result only from cellular attachment as active metabolic processes do not occur at 4 8C. Thus, the high difference detected between the 4 8C (0 . 97G0) and 37 8C (50 . 1G2 . 2) values reflected, furthermore, a predominance of active uptake and thereby indicated the cellular internalization of the novel 1H7-liposomes together with fluorescence imaging (Fig. 1B) Hantel et al. (2010) ). We utilized SW13 cells as the main other cell line, which has been commonly reported in the literature as a nonsteroidogenic adrenocortical cell line. In fact, SW13 cells also showed significant cellular internalization of plain liposomes. Although the rate was much lower than that observed for NCIh295 cells, it was clearly higher than tumor cells of non-adrenal origin (13 . 1G0 . 1%; P!0 . 0001 vs controls; Fig. 1C ).
To definitively exclude a methodological artifact due to an extraordinary strong extracellular liposomal binding, we increased the stringency of our washing protocols and used specific washing buffers. Even though there was in one case a slight reduction in cellular association, an abrogation of the specific liposomal uptake was not achievable even under the most stringent conditions ( Fig. 2A) . Furthermore, to eliminate the possibility of a detected artifact related to the applied lipophilic fluorescence marker (rhodamine-PE: 86 . 5G0 . 6%), association experiments were repeated with water-soluble FITC-dextran encapsulated into the liposomes, which revealed comparable results (73 . 5G0 . 8%; Fig. 2B ). We hypothesized that the unusual trapping phenomenon could be related to steroidogenesis and Chol uptake. However, cellular association was independent of liposomal Chol content (Chol-containing preparation: 86 . 5G0 . 6%, Cholfree preparation: 82 . 9G1 . 6%; PZ0 . 1; Fig. 2C Fig. 2D ).
Antitumor efficacy of DXR and anti-IGF1-R antibody in vitro
We investigated the anti-tumoral effects of the anti-IGF1-R antibody 1H7, DXR, or the combined administration on cell proliferation and apoptosis in NCIh295 cells by BrdU and caspase assays respectively. Induction of apoptosis was evident by an increase in caspase-3/7 activity in comparison with basal values (100 . 0G1 . 5%) 8 h upon the 1H7 and DXR treatments (Fig. 3A) . After a single treatment with 250 ng/ml free 1H7 (98 . 3G1 . 9%; PZ0 . 53) no significant changes were detectable, while upon incubation with 0 . 
Liposomal blood stability and DXR accumulation in NCIh295 tumors
DXR blood stability and tumor accumulation were investigated in NCIh295 tumor-bearing mice following the administration of 9 mg/kg body weight of SSLD-PEGC or SSLD-1H7. Twenty-four hours after a single treatment, we detected significant differences in blood DXR levels (mg/ml blood; SSLD-PEGC: 4 . 8G0 . 4 vs SSLD-1H7: 0 . 8G0 . 4; P!0 . 0001; Fig. 4A ). In accordance with the decrease in blood stability for SSLD-1H7, DXR concentrations in tumor tissues (mg/g tissue) were significantly lower (6 . 4G3 . 1) in comparison with those achieved with SSLD-PEGC (24 . 5G5 . 9; PZ0 . 03). In other organs such as spleen, adrenal gland, or liver, no significant differences were evident regarding DXR accumulation upon different treatments (Fig. 4B ).
Antitumor efficacy of anti-IGF1-R-targeted immunoliposomes in vivo
We evaluated the therapeutic efficacy of liposomal preparations in an in vivo ACC model (Fig. 5) . Single treatments were initiated for each formulation after subcutaneous NCIh295 tumors of 0 . 5-0 . 7 cm had been established. A significant reduction in tumor size (cm) was detectable from day 4 up to day 32 after a single treatment of tumor-bearing 
Discussion
Current first-line polychemotherapeutic regimens for patients with metastatic ACC, such as etoposide, DXR, and cisplatin, achieve mostly partial responses while complete remissions are rarely observed (Allolio & Fassnacht 2006) . Thus, additional treatment options for patients with ACC are urgently needed if surgical treatment options fail. In recent years, drug delivery systems including liposomes have played an emerging role in the field of cancer therapy (Harrington et al. 2002) . In general, encapsulation of chemotherapeutic agents results in sustained bioavailability and enhanced drug accumulation in solid tumors (Gabizon 2002) . Pegylation of liposomes further improves these pharmacological advantages (Papahadjopoulos et al. 1991) . Another strategy to increase drug levels within tumors has been to optimize liposomes for active targeting (Drummond et al. 1999) . Recently, we have developed a novel therapeutic approach by coupling an IGF1-R-blocking antibody to liposomal DXR. Herein, we extend these findings from neuroendocrine tumors (Hantel et al. 2010) to adrenocortical cells for which flow cytometry and fluorescence microscopy demonstrates high internalization of 1H7-coupled liposomes. Surprisingly, an even higher uptake of non-antibody-coupled liposomes was evident, which has not been apparent in any other cell line tested so far (Hantel et al. 2010) . To gather evidence that our detected results are not based on methodological artifacts, we performed additional experiments and were thereby able to exclude strong extracellular liposomal binding or extraordinary affinity of NCIh295 cells to lipophilic rhodamine-PE to explain the detected effect. Thus, these data provided further indirect evidence for a liposomal uptake mechanism that could be specific for adrenocortical cells. As nonsteroidogenic adrenocortical SW-13 cells showed, although at a lower level, the same specific internalization of plain liposomes, we suspected Chol as a possible mediator for liposomal internalization as steroidogenesis requires effective Chol ester uptake by adrenocortical cells. Specifically, LDL particles have been described to be internalized in clathrin-coated pits, while the uptake of HDL occurs dependent on caveolae-mediated endocytosis in liver and steroidogenic tissues (Graf et al. 1999 , Connelly & Williams 2003 . However, our experiments showed that the detected uptake was at least not exclusively dependent on caveolae-and clathrin-mediated endocytosis since specific inhibitors were only weakly impeding the investigated effect. Yet, these findings do not exclude other uptake routes such as microvillar channel-dependent mechanisms (Williams et al. 2002) .
While the exact mechanism for enhanced liposomal uptake in adrenocortical tumor cells remains uncertain at that point, we proceeded with examination of the antitumor efficacy of DXR and anti-IGF1-R-inhibiting antibody in vitro. Recent studies have provided evidence that combined treatments with cytostatic drugs, in particular with DXR, enhance the efficiency of anti-IGF1-R therapies (Toretsky et al. 1999 , Cohen et al. 2005 , Martins et al. 2006 , Bauer et al. 2007 ) and we were able to confirm this in vitro for NCIh295 cells. The combination of both substances led to enhanced anti-tumoral effects, suggesting that the combination of these substances in a single immunoliposomal formulation could allow for augmented therapeutic efficacy. Figure 5 Effects on tumor diameter of NCIh295 xenografts in NMRI nu/nu mice after a single treatment with different liposomal preparations (nZ4). Asterisks (*) denote significant differences of SSLD-1H7 compared with the untreated controls, while double crosses (#) represents significant differences of SSLD-PEGC over Consequently, we proceeded to a more relevant in vivo model. In pharmacokinetic experiments, we tested different liposomal preparations and detected a significantly higher DXR blood stability for non-antibody-coupled SSLD-PEGC than that achieved with SSLD-1H7. These findings are in agreement with those previously described for proteinconjugated liposomes (Tardi et al. 1998 ) and immunoliposomes (Sofou & Sgouros 2008) , and suggest higher immunogeneity and, thereby, faster elimination from the circulation. DXR accumulation in NCIh295 tumors confirmed a significant increase in drug levels after the treatment with SSLD-PEGC compared with SSLD-1H7. However, for this endpoint, it is not possible to discriminate between the effects mediated by blood stability or increased accumulation caused by specific liposomal uptake. Of note, coupling of 1H7 to the liposomal surface did not lead to an increase in DXR accumulation in other organs such as liver, spleen, or adrenal glands compared with the clinically available liposomal formulation SSLD-PEGC. Therefore, no additional toxic side effects for these organs in comparison with the commercially available formulation in clinical practice would be expected. We next evaluated the therapeutic efficacy of liposomal preparations in vivo. Similar to our previous results in tumor models of neuroendocrine tumors of the gastroenteropancreatic system (GEP-NETs), these experiments confirmed the therapeutic superiority of SSLD-1H7 also for ACC. However, in contrast to GEP-NET cells, an attenuated effect after a single treatment was also evident with SSLD-PEGC in comparison with the untreated controls. On the contrary, treatments with free antibody (1H7), unspecific coupled SSLD-IgG, or DXR-loaded plain liposomes (LD) did not result in significant therapeutic effects. While in vitro experiments had suggested highest efficacy for plain liposomes in adrenocortical cells, for the interpretation of the in vivo studies, additional influences including blood stability have to be accounted for. Pegylation has been shown before to increase blood stability and passive tumor targeting for liposomal DXR in vivo (Drummond et al. 1999) . Thus, we assume that a higher uptake of non-pegylated liposomes (LD) is not sufficient to compensate lower blood stability in comparison with pegylated liposomal preparation. Even as SSLD-1H7 showed lower blood stability and DXR accumulation in the tumor tissue in comparison with SSLD-PEGC, we assume further therapeutic effects such as inhibition of IGF1-R signaling together with a more efficient liposomal uptake mechanism and a reduction in IGF1-R presentation on the cell surface (Hantel et al. 2010) .
Taken together, SSLD-1H7 has been successfully tested in a preclinical model for ACC and could be regarded as a promising therapeutic approach in the future. Moreover, we provide evidence that ACC tumor cells might represent a particular suitable target for liposomal-based therapeutics in general. A wide range of different chemotherapeutic drugs including DXR, cisplatin, paclitaxel, vincristine, and cytarabine, among others, have been used as liposomal preparations for the treatment of cancer (Drummond et al. 1999) . These liposomal encapsulations have been demonstrated to optimize drug release rates by maintaining the blood stability of the formulation and allowing the drug to accumulate at the tumor site. Thus, in recent years, pharmacological tools have been developed and brought into clinical practice that could also improve treatment options for patients with ACC.
An important challenge for the future will be the further characterization of the observed accumulation effect of liposomal preparations by tumor cells of adrenocortical origin and, thereby, the definitive exclusion is that the detected phenomenon is not due to a peculiar functional property with relevance only for the presented cell lines. Thus, to gather further insights into the clinical relevance of the presented findings, future experiments will aim at the development of xenotransplantation models based on surgical tumor samples and their applicability for preclinical studies.
